A P. patens signaling pathway required for immunity triggered by PAMPs induces growth inhibition, a novel fluorescence burst, cell wall depositions, and accumulation of defense-related transcripts.
Introduction

1
Innate immune systems are required for pathogen detection and elimination. Plants and animals 2 have evolved surface-localized, pattern-recognition receptor kinases (PRRs) that detect 3 conserved pathogen-associated molecular patterns or PAMPs (Zipfel, 2009) The Arabidopsis thaliana genome encodes 20 MPKs including MPK4, which functions 21 in a cascade(s) with MEKK1 and MKK1 and 2 (Ichimura et al, 1998; Qiu et al, 2008) . In 22 response to pathogens or PAMPs, this cascade permits the WRKY33 transcription factor to 23 enhance the expression of defensive genes including PAD3 required for synthesis of 24 antimicrobial camalexin (Qiu et al, 2008; Suarez-Rodriguez et al, 2007) . The Arabidopsis mpk4 25 loss-of-function mutants exhibit dwarfism and ectopically express defense responses, but are 26 supressed by mutation of SUMM2, which encodes a resistance (R) protein (Zhang et al., 2012) . 27
This indicates that the MPK4 pathway is a target of pathogen effectors and is monitored by 28 SUMM2, in line with the guard hypothesis of effector triggered immunity (ETI) in plant-29 pathogen evolution (Jones and Dangl, 2006; Zhang et al., 2012) . 30
The moss P. patens is a bryophyte, an early branch of land plants (Zimmer et al., 2007) . 31 P. patens responds to pathogens including fungi, oomycetes and bacteria by activating defenses 32 including production of reactive oxygen species (ROS), cell wall fortifications, hormonal 33 perturbations and expression of defense-related genes (Lehtonen et The P. patens genome encodes only 8 MPKs (Dóczi et al., 2012) . They represent a basal 37 set of pathways whose functions may be assessed by their targeted knockouts (KOs) or knockins 38 (KIs) via homologous recombination, a genetic approach unavailable in vascular plants. 39 Comparative analyses of such moss lines may elucidate aspects of the complexity of MPK 40 activation in flowering plants and how plant immunity and stress responses have evolved. 41
To initiate such analyses we examined if P. patens MPKs respond to PAMPs or abiotic 42 stresses by assaying MPK phosphorylation and in gel kinase activity. This showed that at least 43 two MPKs are rapidly phosphorylated and activated in response to bacterial and fungal PAMPs. 44
Targeted gene KOs and KIs identified components of this pathway including a PRR, at least one 45 MEKK and one MKK, and two MPKs required for responses to the fungal PAMP chitin and 46 resistance to two fungal pathogens. In contrast, osmotic stress did not result in detectable MPK 47 phosphorylation or activation in the moss, but did result in rapid activation of at least one SnRK2 48 kinase of a canonical abscisic acid response pathway. 49
50
Results
51
Phosphorylation and activation of P. patens MPKs in response to chitin 52
We first assayed MPK phosphorylation in P. patens protein extracts using an anti-p44/42-ERK 53 antibody (α-pTEpY) following treatment with bacterial and fungal PAMPs. Immunoblot assay for MAP kinase phosphorylation of WT and Δcerk1-1 KO line in response to no treatment (N.T.), H 2 O, 0.01% acetic acid (AA), 100 µg/ml chitin (Chi), 100 µg/ml chitosan (Cho) or 100 µg/ml Hexa-Nacetylchitohexaose (CH6) for 5 minutes. (E) Immunoblot assay for MAP kinase phosphorylation of WT and Δcerk1-1 KO line in response to no treatment (N.T.), H 2 O, Luria broth (LB), 100 µg/ml chitin (Chi), 200 µg/ml peptidyl glycan from Staphylococcus aureus (PGN) or cell free culture filtrate (CFC) from the harpin negative strain Pectobacterium wasabiae SCC3193. (F) Tissue ion leakage assay of WT and Δcerk1-1 treated with H 2 O or chitin for times specified. Data are presented as percent of total conductivity as an average of 4 replicates each with 5 plants. Error bars represent standard deviation. (G) Reverse transcription quantitative PCR (RT-qPCR) of PAL4 and CHS transcript levels in WT and Δcerk1-1 as fold change relative to WT untreated at times specified after 100 µg/ml chitin treatment. Data points represent an average of 3 independent experiments (3 biological replicates) each with 3 technical replicates for each PCR reaction. Error bars represent standard error of the means.
with bacterial cell-free culture filtrate from the harpin negative strain Pectobacterium wasabiae 93 (ex P. carotovorum strain SCC3193) ( Figure 1E ; Nykyri et al., 2012 ) . 94
Δcerk1 KO lines were also reduced in two other responses to chitin compared to wild 95 type. First, Δcerk1 tissues failed to exhibit enhanced conductivity ( Figure 1F ) using a standard 96 assay for immunity-associated electrolyte leakage in Arabidopsis (Mackey et al., 2003) . Second, 97
Δcerk1 lines were compromised in the accumulation of mRNAs of the defense genes 98
Phenylalanine Ammonia Lyase 4 (PAL4) and Chalcone Synthase (CHS) ( Figure 1G Supplemental Figure 3D and E) were generated and tested for responses to chitin. ∆ 115 mekk1a exhibited strongly reduced chitin induced cell wall associated depositions compared to 116 wild type and ∆mekk1b (Figure 2 A and B) . To assess potential redundancy of MEKK1a and 117
MEKK1b, we generated the double KO ∆ mekk1a/b (Supplemental Figure 3F ). This line, like the 118 ∆cerk1 KO line, was unable to induce cell wall depositions in response to chitin (Figure 2A and 119 B). Chitin-induced MPK phosphorylation was also reduced in both ∆mekk1b and ∆mekk1a, and 120 absent in ∆mekk1a/b ( Figure 2C ). The same trend was seen in these lines on the levels of 121 mRNAs of the defense-related PAL4 and CHS genes ( Figure 2D ). In addition, Δmekk1a/b failed 122 to induce the fluorescent burst when exposed to chitin, similarly to Δcerk1 (Supplemental 123 MPK genes containing C-terminal GFP reporter fusions. We also created KO lines of MPK4a 161 (Δmpk4a), but were unable to obtain stable knockout lines of MPK4b despite several attempts 162 using different constructs. The recombined loci were verified in the three lines (Δmpk4a, 163
MPK4a-GFP and MPK4b-GFP; Supplemental Figure 3K MPK4a is not involved in signaling osmotic changes. Interestingly, SnRK2a transcripts 233 accumulated to higher levels than those of the other three. We therefore generated a targeted KO 234 of this kinase (Δsnrk2a, Supplemental Figure 3J ). The levels of SnRK2 activated by NaCl or 235 ABA were markedly less in Δsnrk2a lines compared to wild type ( Figure 5C and D) . was not detected with α-pTEpY antibodies. We showed that this activity corresponds to that of 351 Pp SnRK2a, and likely of other redundant SnRK2s, as seen in Arabidopsis (Fujii et al., 2007) . The apparent phosphorylation of moss MPK4b in response to chitin and PGN indicates 366 that it is also involved in PAMP signaling, perhaps redundantly with MPK4a. While our inability 367 to produce ∆mpk4b lines currently obscures such a function, it suggests that MPK4b is also 368 required for metabolism and/or development in the moss. Future studies using kinase chemical 369 genetics in P. patens could elucidate MPK4b functions (Brodersen et al., 2006) . by cut with Pac1 and nicked with Nt.BbvCI. P. patens protoplasts were transformed with 30 μg 431 of linearized vectors using polyethylene glycol as previously described (Liu and Vidali, 2011) . 432 Stable transformants were selected by transferring the protoplasts on cellophane to media 433 containing 50 µg/ml G418 or 30 µg/ml hygromycin B for two weeks, followed by transfer to 434 media without selection for two weeks, and finally by transfer onto media with selection for a 435 further two weeks (Schaefer et al., 1991) . 
Treatments for kinase assays 453
Unless otherwise stated, all treatments were applied for 5 minutes by spraying 3 ml of the 454 solution used onto 16 moss plants grown for 14 days on a Petri dish (9 cm) with BCDAT media 455 overlaid with cellophane. Chitin oligosaccharide (Yaizu Suisankagaku Industry) was diluted to 456 100 μg/ml in H2O. Hexa-N-acetylchitohexaose (Sigma Aldrich) was diluted to 100 µg/ml in H2O. 457
Chitosan (Sigma Aldrich) 75-85% deacetylated, low molecular weight chitin 50-190 kD was 458 solubilized at 100 µg/ml in 0.010% acetic acid followed by adjusting to pH 5.5 with NaOH. 
RNA extraction and reverse transcription quantitative PCR (RT-qPCR) 518
Three 14-day-old moss plants grown on media overlaid with cellophane were sampled at each 519 time point after spraying with 500 mM NaCl, 100 µg/ml chitosan (in 0.010% acetic acid 520 followed by adjusting to pH 5.5 with NaOH) or 100 µg/ml chitin and flash frozen in liquid 521 nitrogen. Arabidopsis plants were grown for 14 days on soil and detached leaves were 522 preincubated for 2 hours in 10 mM MgCl2 before chitin was added to a final concentration of polymerized in separating gels as substrate (Zhang and Klessig, 1997) . Gels were washed 6 times 573 for 3 hrs in 25 mM Tris-HCl (pH 7.5), 0.5 mM DTT, 5 mM NaF, 0.1 mM Na3VO4, 0.5 mg/ml 574 BSA and 0.1% Triton X-100. Proteins were denatured by rinsing gels twice for 30 min at room 575 temperature in 25 mM Tris-HCl (pH 7.5), 6 M Guanidine Hydrochloride and 5 mM DTT, 576 followed by incubation overnight with 5 changes of 25 mM Tris-HCl (pH 7.5), 1 mM DTT, 5 577 mM NaF, 0.1 mM Na3VO4. After gel equilibration for 1 hr in kinase activity buffer (25 mM Tris-578
HCl (pH 7.5), 2 mM EGTA, 12 mM MgCl2, 1 mM DTT and 0.1 mM Na3VO4), the assay was 579 performed for 1 hr at room temperature in that buffer with 100 nM ATP plus 100 µCi γ-32 P-ATP. 580
The reaction was stopped with 5% TCA and 1% sodium pyrophosphate and unincorporated γ-581 32 P-ATP removed by washing five times for 15 minutes in the same buffer. Gels were dried and 582 phosphorylation determined by phosphorimaging. 583 584
Time-lapse movies of growth inhibition and fluorescent burst 585
Wild type and Δcerk1-1 or wild type and Δmekk1a/b moss plants were grown in close proximity 586 on BCD media overlaid with cellophane for 10 days and then transferred on cellophane onto 587 BCD plates supplemented with 300 µg/ml chitin. Pictures were taken every 2 nd or 4 th minute 588 using a SONY A7S camera. Growth inhibition (Supplemental Movie 1 and 4) was recorded in 589 white light while the fluorescent burst (Supplemental Movie 2 and 3) was recorded using GFP 590 settings (excitation <488 nm and detection >510 nm). 591 592
Confocal Microscopy 593
Confocal images were acquired using a Zeiss LSM 700 and analyzed with ZEN imaging 594 software (version 2011) with GFP settings (excitation 488 nm and detection 300 to 610 nm). The 595 14-day-old MPK4a-GFP plants were mounted on a glass slide embedded in BCDAT with 1% 596 agar and supplemented with 300 µg/ml chitin. 597 598
Staining of B. cinerea infection symptoms 599
The 14-day-old moss plants of wild type and Δmpk4a-1 were sprayed with 2x10 5 B. cinerea 600 spores per ml. Toluidine blue staining of cell wall modifications was conducted 1 day after 601 infection by staining tissue with 0.05% toluidine blue in citrate-citric acid buffer (50 mM, pH 602 3.5). 
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